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a b s t r a c t 
Excellent mechanical properties of ODS steels are directly related to the high density of homogeneously 
distributed, well-formed oxide particles (such as Y 2 O 3 , or Y-Ti-O). However, atom probe tomography study 
of ODS steels revealed that in addition they contain almost a hundred times more nanoclusters enriched 
in Y, O and V/Ti (if present in the alloy composition) than larger oxide particles. 
In this work, we carried out atom probe tomography (APT) and transmission electron microscopy 
(TEM) studies of three different ODS steels produced by mechanical alloying: ODS Eurofer, 13.5Cr ODS and 
13.5Cr-0.3Ti ODS. These materials were investigated after irradiation with Fe (5.6 MeV) or Ti (4.8 MeV) 
ions up to 10 15 ion/cm 2 and part of them up to 3 ×10 15 ion/cm 2 . In all cases, areas for TEM investigation 
were cut at a depth of ∼ 1.3 μm from the irradiated surface corresponding to the peak of the radia- 
tion damage dose. It was shown that after irradiation at RT and at 300 °С the number density of oxide 
particles in all the samples grew up. Meanwhile, the fraction of small particles in the size distribution 
has increased. APT revealed an essential increase in nanoclusters number and a change of their chemical 
composition at the same depth. The nanostructure was the most stable in 13.5Cr-0.3Ti ODS irradiated at 
300 °С : the increase of the fraction of small oxides was minimal and no change of nanocluster chemical 
composition was detected. 
© 2016 Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Oxide dispersion strengthened steels providing exceptional
igh-temperature creep and irradiation resistance are presently
eing developed for fusion and nuclear reactor applications [1] .
hese steels are standard reduced activation steels developed for
uclear applications but contain many nanoparticles of metal ox-
des dispersed in the base matrix. These speciﬁc oxide particles,
ften yttrium oxides, provide much better material performance
t elevated temperatures [2 , 3] . However, atom probe tomography
APT) study of ODS steels revealed that they contain a much larger
mount of nanoclusters enriched in Y, O, V and Ti (if present in
he alloy composition) than of oxide particles. The effect of these
lusters on the mechanical properties and irradiation resistance
f ODS steels and, especially, on the evolution of their chemical∗ Corresponding author. 
E-mail address: SVRogozhkin@mephi.ru , Sergey.Rogozhkin@itep.ru 
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(2016), http://dx.doi.org/10.1016/j.nme.2016.06.011 omposition under irradiation has not been investigated in detail
et. Previous studies of the effect of irradiation on ODS Eurofer
teel revealed an exchange of chemical elements between oxide
articles and nanoclusters through the matrix material [4 , 5] . For
xample, neutron irradiation at 300 °C causes a signiﬁcant change
n nanocluster chemical composition: vanadium goes from clusters
nto the matrix, while yttrium and oxygen partially leave the oxide
articles and enrich nanoclusters [4] . A similar nanocluster behav-
or in ODS Eurofer was observed in APT samples irradiated with
ow energy Fe ions up to 30 dpa at room temperature [5] . The
hange of chemical composition of matrix in irradiated ODS Eu-
ofer, which was found using APT, may result from the dissolution
f oxide particles, but this has not been proved yet. More detailed
nformation about the response of ODS steels to irradiation was
resented in recent articles, e.g. [6] . 
The present work is aimed at TEM and APT study of ODS steels
roduced by mechanical alloying: ODS Eurofer, 13.5Cr ODS and
3.5Cr-0.3Ti ODS. The effect of irradiation with Fe (5.6 MeV) or
i (4.8 MeV) ions up to 10 15 ion/cm 2 at room temperature and atY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
in ODS steels under ion irradiation, Nuclear Materials and Energy 
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Table 1 
Chemical composition of ODS Eurofer, 13.5Cr ODS and 13.5Cr–0.3Ti ODS (wt.%). 
Material Cr W Ti Y 2 O 3 C Si Mn N V Ta 
13.5Cr–(0–0.3)Ti ODS (nominal composition) 13 .5 2 – 0 .3 – – – – – –
13 .5 2 0.3 0 .3 – – – – – –
ODS Eurofer 8 .98 1 .09 – 0 .50 0.11 0.079 0.37 0.007 0.19 0.87 
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s  300 °C on ODS steel nanostructure with nanoclusters and oxide
particles has been studied. 
2. Materials and methods 
2.1. Materials 
The following materials were the objects of the study: high
chromium model ODS steels Fe–13.5Cr–(0–0.3)Ti–0.3Y 2 O 3 (in wt.%)
[7] , as well as ODS Eurofer steel [3] . These steels were produced
by mechanical alloying of a pre-alloyed and gas-atomized powder
with yttria powder in an attritor ball mill. After canning into stain-
less steel capsules with subsequent degassing, the powder was
consolidated by hot isostatic pressing (HIPing) at 100 MPa pressure
at 1100 °С and 1150 °C in the case of the Ti-free alloy and ODS
Eurofer respectively. Compacting for the Ti-containing steel was
done by hot extrusion at 1100 °C. Finally, ODS Eurofer steel was
heat treated under the following conditions: heating for 30 min at
980 °C followed by temper quenching for 2 h at 760 °C. 13.5Cr–(0–
0.3)Ti ODS steels were not subjected to heat treatment after extru-
sion or HIP. The chemical composition of the materials under study
is summarized in Table 1. 
2.2. Irradiation experiment 
The evolution of nanostructure of ODS steels under heavy ion
irradiation was studied in this work. For this purpose, we used RFQ
HIP-1 heavy ion accelerator (Heavy Ion Prototype) [8 , 9] in the In-
stitute for Theoretical and Experimental Physics. This 27 MHz ac-
celerator can accelerate ions with mass to charge ratio up to 60
with energy of 101 keV/u. The ion beam density at the target is
3–6 mA/cm 2 . The ion beam pulse length is 450 μs with repetition
rate 1/4 pps. During our experiments the pressure was lower than
2 ×10 −6 mbar. 
In our study Fe 2 + and Ti 2 + ion beams accelerated up to 5.6 MeV
and 4.8 MeV respectively were used for irradiation. The RFQ HIP-1
output channel was optimized for the experiment, and the target
chamber with the sample holder, a heating set and beam control
system were installed at the end of the channel. According to the
SRIM calculations, the maximum number of ion generated defects
in pure Fe under Fe 2 + irradiation is located at about 1.4 μm depth
and under Ti 2 + irradiation at about 1.25 μm depth (see Fig. 1 ).
Kinchin-Pease mode with 40 eV threshold displacement energy and
0 eV lattice binding energy was used for calculation of irradiation
damage in dpa [10] . 
Cylindrical samples with a diameter of 3 mm were used for
the irradiation experiment. They were mechanically polished up
to a thickness of 100 μm. The surface roughness of the samples
was checked by atomic-force microscopy before and after irradia-
tion. It was less than 50 nm for all samples. Prepared samples of
ODS steels were irradiated up to ﬂuences of 1 ×10 15 ions/cm 2 and
3 ×10 15 ions/cm 2 at room temperature and 300 ºС . Please cite this article as: S. Rogozhkin et al., Nanostructure evolution 
(2016), http://dx.doi.org/10.1016/j.nme.2016.06.011 .3. Characterization of samples 
The microstructure of these ODS steels was characterized using
ransmission electron microscopy (TEM) and atom probe tomog-
aphy (APT). TEM analysis was conducted to evaluate oxide parti-
les evolution under ion irradiation. As clusters are much smaller
han oxide particles, APT was used to complement TEM in order to
tudy clusters evolution with atomic resolution. As an example of
cquired data nanostructure and atom maps of ODS Eurofer, 13.5Cr
DS and 13.5Cr–0.3Ti ODS samples are represented in the Fig. 2. 
TEM samples prepared from unirradiated materials were me-
hanically polished with SiC paper and then they were electro-
olished in a Tenupol-5 thinning device with a solution of 20% sul-
uric acid in methanol at 18 ºC to remove a surface layer containing
esidual mechanical damage. TEM study of unirradiated and irra-
iated ODS steels was performed using FEI Tecnai F20 (KIT) and
00 keV JEOL JEM 1200EX equipped with a LaB 6 ﬁlament (ITEP). 
For investigation of the damaged area, irradiated samples were
repared in two stages. First, a 1.3 ± 0.1 μm layer of a sample was
emoved from the irradiated surface by electrochemical polishing.
fter that irradiated side was isolated from the electrolyte, and
hen only the unirradiated surface was electrochemically thinned
ntil perforation of the sample. This procedure allowed obtaining
 TEM specimen exhibiting the area with the maximum damage
ose in the irradiated sample (see Fig. 1 ). 
The APT samples were studied at the Karlsruhe Nano Micro Fa-
ility (KNMF) center of Karlsruhe Institute of Technology with a
EAP 40 0 0X HR Atom Probe Microscope with a local electrode. All
resented data was collected in voltage mode, at a target set tem-
erature of 70 K, with a pulse frequency of 200 kHz, a pulse frac-
ion of 19% and a data acquisition rate of 0.3%. Preparation of the
amples from unirradiated materials was carried out in two stages.
uring the ﬁrst stage billets, typically 0.3 × 0.3 × 10 mm 3 , were
repared from bulk material using electro-erosion cutting in wa-
er. Then they were thinned using the method of anodic etching
n electrolyte. For ion irradiated materials, APT samples were pre-
ared by the standard lift-out technique using an FEI QUANTA 3D
ual-beam system [ 11,12 ]. They were lifted out of the irradiated
pecimen from different depths near the one corresponding to the
aximum of damage dose (see, Fig. 1 ). 
Atom probe data acquisition was performed under ultrahigh
acuum conditions at 70–75 K to avoid preferential evaporation of
arious elements from the specimen surface and to reduce the
rror in determining the evaporated atom coordinates caused by
ts thermal oscillations. The specimens were evaporated by elec-
rical pulses with a pulse fraction of 20% and a repetition rate of
00 kHz. 
Data processing included the analysis of the obtained mass
pectrum and the reconstruction of spatial distribution of chem-
cal elements in the studied volumes. For analyzing the detected
anoscale features, the maximum separation method was used
13] , which allows to identify nanoclusters (NCs) and gather infor-
ation about their size, composition, and number density. Parame-
ers of cluster analysis (the maximum separation distance between
toms in a cluster and the minimum number of atoms to be con-
idered a cluster) were chosen the same for all specimens (0.8 nmin ODS steels under ion irradiation, Nuclear Materials and Energy 
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Fig. 1. The SRIM damage proﬁles (solid lines) and ion implantation proﬁles (dashed lines) for 5.6 MeV Fe 2 + and 4.8 MeV Ti 2 + ions in pure Fe. The calculations were carried 
out for a dose of 1 ×10 15 cm −2 , using the threshold displacement energy of 40 eV and the Kinchin-Pease option. 
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s  nd 5 atoms respectively). Groups of chemical elements used for
he identiﬁcation algorithm were following: Y, O, V, N for ODS Eu-
ofer; Y, O, V for 13.5Cr ODS; Y, O, V, Ti for 13.5Cr-0.3Ti ODS. 
. Experimental results 
.1. Characterization of unirradiated samples 
.1.1. TEM study 
Quantitative comparison of all investigated materials in as pro-
uced state is given in Table 2. 
In both 13.5Cr and 13.5Cr–0.3Ti ODS steel specimens, a bimodal
rain size distribution was found ( Table 2 ) (see [ 7,14 ]. In the 13.5Cr
DS steel without titanium, only single nano-sized grains were ob-
erved inside coarse ( ∼ 6–8 μm) grains, whereas in the titanium
lloyed 13.5Cr–0.3Ti ODS steel, agglomerates of 10 0–70 0 nm grains
ere found. In the ODS Eurofer steel, coarse grains with a typical
ize of 4–7 μm were observed. 
In the materials under study, precipitation of coarse particles
up to 100 nm in 13.5Cr–(0–0.3)Ti ODS and up to more thanPlease cite this article as: S. Rogozhkin et al., Nanostructure evolution 
(2016), http://dx.doi.org/10.1016/j.nme.2016.06.011 00 nm in ODS Eurofer) on grain boundaries was observed. The
nalysis of electron diffraction patterns of ODS Eurofer which were
elected in the areas including those particles showed that they are
 23 C 6 carbides [15] ; meanwhile in 13.5Cr–(0–0.3)Ti ODS steels, in-
lusions of the large size are coarse Y or Y-Ti oxides [7] . 
In all the 13.5Cr–(0–0.3)Ti ODS specimens, a uneven spatial dis-
ribution of nano-sized particles in the form of stitch arranged
inear structures was observed. These structures might have been
ormed during HIPing of the material and are presumably arranged
long edge dislocations or on boundaries of former grains. The
ark ﬁeld TEM images are indicative of a large number of nano-
ized particles that possess the same orientation within a grain but
ave well deﬁned oxide structure. According to [ 7,16 ], these parti-
les are mainly Y 2 O 3 oxides and in case of 13.5Cr–0.3Ti ODS they
re Y 2 Ti 2 O 7 oxides. 
The quantitative analysis of oxide particles distribution in
he investigated materials was carried out. The particle size
istributions are shown in Figs. 2 and 3 . The calculated average
izes and the number densities of particles in steels of variousin ODS steels under ion irradiation, Nuclear Materials and Energy 
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Fig. 2. Microstructure and chemical composition of ODS steels: TEM image and atom maps of minor alloying elements. ODS Eurofer steel - (A) and (B), 13.5Cr ODS steel - 
(C) and (D), 13.5Cr–0.3Ti ODS steel - (E) and (F). APT data was acquired from the different area and is represented to give insight on the scale of observed features. 
Table 2 
Results of quantitative study of microstructure features of ODS Eurofer and 13.5Cr–(0–0.3)Ti ODS 
steels with FEI Tecnai F20. 
Material ODS Eurofer 13.5Cr ODS 13.5Cr–0.3Ti ODS 
Ferritic grain size, μm 4–7 6–8 6–8 
Martensitic grain size, μm – 0.4–0.8 0.1–0.7 
Carbide size, nm 50–800 – –
Oxides average size, nm 11 ± 6 10 ± 3 5 ± 2 
Oxides number density, m −3 5 ·10 21 8 ·10 21 3 ·10 22 
Dislocations number density, cm −3 ∼ 10 8 ∼ 10 8 ∼ 10 8 
Please cite this article as: S. Rogozhkin et al., Nanostructure evolution in ODS steels under ion irradiation, Nuclear Materials and Energy 
(2016), http://dx.doi.org/10.1016/j.nme.2016.06.011 
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Fig. 3. Comparison of size distributions of oxide particles in unirradiated ODS steels (ODS Eurofer and 13.5Cr–(0–0.3)Ti ODS) and after irradiation at RT. 
Table 3 
APT results: the average concentrations of chemical elements in the studied volumes and in the matrix of 13.5Cr–(0–0.3)Ti ODS steels and 
ODS Eurofer (at. %). 
Chemical element ODS Eurofer 13.5Cr ODS 13.5Cr–0.3Ti ODS 
Studied volume Matrix Studied volume Matrix Studied volume Matrix 
N 0.309 ± 0.001 0.287 ± 0.001 – – 0.029 ± 0.001 0.028 ± 0.001 
O 0.472 ± 0.001 0.380 ± 0.001 0.225 ± 0.001 0.173 ± 0.001 0.347 ± 0.001 0.304 ± 0.001 
V 0.329 ± 0.001 0.245 ± 0.001 0.083 ± 0.001 0.066 ± 0.001 0.112 ± 0.001 0.103 ± 0.001 
Mn 0.338 ± 0.001 0.333 ± 0.001 0.039 ± 0.001 0.037 ± 0.001 0.056 ± 0.001 0.056 ± 0.001 
Fe 88.03 ± 0.01 88.40 ± 0.01 83.81 ± 0.01 83.97 ± 0.01 83.37 ± 0.01 83.56 ± 0.01 
Y 0.137 ± 0.001 0.098 ± 0.001 0.063 ± 0.001 0.044 ± 0.001 0.082 ± 0.001 0.067 ± 0.001 
C 0.095 ± 0.001 0.092 ± 0.001 0.042 ± 0.001 0.041 ± 0.001 0.144 ± 0.001 0.126 ± 0.001 
Cr 8.180 ± 0.004 8.085 ± 0.004 13.38 ± 0.01 13.32 ± 0.01 12.36 ± 0.01 12.32 ± 0.01 
Si 0.344 ± 0.001 0.336 ± 0.001 0.143 ± 0.001 0.133 ± 0.001 0.205 ± 0.001 0.204 ± 0.001 
P 0.030 ± 0.001 0.030 ± 0.001 0.026 ± 0.0 0 0 0.026 ± 0.001 0.018 ± 0.001 0.018 ± 0.001 
W 0.956 ± 0.002 0.958 ± 0.002 0.920 ± 0.003 0.923 ± 0.003 0.813 ± 0.002 0.816 ± 0.002 
Ni 0.174 ± 0.001 0.174 ± 0.001 0.613 ± 0.002 0.613 ± 0.002 1.020 ± 0.002 1.018 ± 0.002 
Co 0.046 ± 0.001 0.047 ± 0.001 0.278 ± 0.002 0.279 ± 0.002 0.484 ± 0.002 0.485 ± 0.002 
Ti – – – – 0.318 ± 0.001 0.264 ± 0.001 
Nb – – 0.033 ± 0.001 0.032 ± 0.001 0.062 ± 0.001 0.061 ± 0.001 
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s  ompositions are given in Table 2 . Note that alloying of 13.5Cr–
.3Ti ODS steel with titanium ensures better parameters of the
istribution of oxide inclusions than alloying of ODS Eurofer steel
ith vanadium. 
.1.2. APT study and data processing 
Three ODS steels with different compositions ( Table 1 ) were in-
estigated. The average concentrations of chemical elements in the
olumes (with NCs) and in the matrix (without NCs) are shown
n Table 3 . In addition to the elements mentioned above, Si, Mn,
, Ni, Co, and other chemical element impurities were also de-
ected in all the alloys ( Table 3 ). This is most probably due to con-
amination during mechanical alloying [7] . A difference in average
hromium concentrations was observed in 13.5Cr–(0–0.3)Ti ODS
lloys. This may be caused by a nonuniform distribution of this
lement through the material, e.g., segregation at different sinks,
iffusion of chromium atoms towards grain boundaries, etc. 
The analysis of APT data revealed nanoscale clusters (number
ensity of ∼ 10 23 m –3 , size of 2–6 nm) in all of the ODS steels. InPlease cite this article as: S. Rogozhkin et al., Nanostructure evolution 
(2016), http://dx.doi.org/10.1016/j.nme.2016.06.011 DS Eurofer, there are clusters enriched in V, N, O, Y, Si and Cr
 Table 4 ). Also in 13.5Cr ODS, the clusters are enriched in O, V, Y
nd Cr ( Table 4 ). With Ti alloying, the nanostructure of the mate-
ial changes considerably – the amount of clusters enriched in Ti,
, Y and Cr grows signiﬁcantly ( Table 4 ), while their size decreases.
.2. Characterization of irradiated samples 
.2.1. TEM study 
As expected, the TEM analysis of grain structure of irradiated
aterials revealed no signiﬁcant changes in the type and size of
rains after heavy ion irradiation. The number density of disloca-
ion defects, such as interstitial loops, increased in all irradiated
amples up to ∼ 10 14 m −2 in volumes with a high number of oxide
articles and up to ∼ 10 16 m −2 in the volumes free from oxides.
his ﬁnding directly conﬁrms the assumption that oxide nanopar-
icles act as recombination centers thus reducing the density of
adiation induced lattice defects. The results of quantitative analy-
is of oxide particles in all irradiated samples are shown in Table 5 .in ODS steels under ion irradiation, Nuclear Materials and Energy 
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Table 4 
APT results: the average concentrations of chemical elements in nanoclusters in 
13.5Cr–(0–0.3)Ti ODS steels and ODS Eurofer (at. %). 
Chemical element ODS Eurofer 13.5Cr ODS 13.5Cr–0.3Ti ODS 
N 0.8 ± 0.2 0 0.1 ± 0.1 
O 2.4 ± 0.3 4.8 ± 0.3 2.7 ± 0.3 
V 2.3 ± 0.3 1.5 ± 0.2 0.6 ± 0.1 
Mn 0.4 ± 0.1 0.17 ± 0.04 0.07 ± 0.04 
Fe 79.8 ± 0.7 69.4 ± 0.6 73.8 ± 0.8 
Y 1.1 ± 0.2 1.7 ± 0.2 1.0 ± 0.2 
C 0.2 ± 0.1 0.14 ± 0.03 0.2 ± 0.1 
Cr 10.4 ± 0.5 18.5 ± 0.5 14.6 ± 0.6 
Si 0.6 ± 0.1 1.0 ± 0.1 0.3 ± 0.1 
P 0.03 ± 0.02 0.03 ± 0.01 0.03 ± 0.02 
W 0.9 ± 0.2 0.6 ± 0.1 0.6 ± 0.1 
Ni 0.2 ± 0.1 0.6 ± 0.1 1.1 ± 0.2 
Co 0.04 ± 0.02 0.3 ± 0.1 0.4 ± 0.1 
Ti 0 0 3.3 ± 0.3 
Nb 0 0.06 ± 0.03 0.2 ± 0.1 
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l  After ion irradiation, a decrease in the average oxide size and an
increase in the number density of oxide inclusions were observed
in all the investigated materials. The most pronounced effect was
found in 13.5Cr ODS steel irradiated by titanium ions up to a dose
of 2.4 dpa at room temperature. Evident differences in oxides par-
ticle size distributions for initial and irradiated states of the ODS
steels can be seen in Figs. 3 and 4 . Irradiation up to 0.8 dpa by ti-
tanium and iron ions at room temperature led to a shift in the size
distribution of observed inclusions towards smaller sizes. This ef-
fect was also found in the 13.5Cr–0.3Ti ODS steel irradiated with
titanium ions up to doses of 0.8 and 2.4 dpa at room temperature
and 300 °C. Irradiation of 13.5Cr ODS steel at room temperature
and at 300 °C caused formation of a new fraction of particles with
an average size of 3 ± 1 nm. The observed changes in size distribu-
tion of oxide inclusions might result in microstructure rearrange-
ments and a redistribution of chemical elements between nanos-
tructure elements in ODS steels under ion irradiation. At the same
time, the size distribution of oxide particles in the 13.5Cr–0.3Ti
ODS after Ti 2 + irradiation up to 2.4 dpa at 300 °C did not change
considerably. 
3.2.2. APT study 
Detailed information about the irradiation conditions for the
specimens investigated using APT is presented in Table 6. 
Nano-sized clusters enriched in alloying elements were de-
tected in all the samples. In ODS Eurofer there were clusters en-
riched in V, N, O, Y, Si and Cr. Clusters in both types of 13.5Cr–(0–
0.3)Ti ODS steels were enriched in O, V, Y, Si and Cr atoms. Ad-
ditional enrichment with Mn atoms for 13.5Cr–ODS and with Ti
atoms for 13.5Cr–0.3Ti ODS was observed. 
As it was mentioned above, the atom probe specimens were ex-
tracted from various depths under the irradiated surface. The APTTable 5 
The results of quantitative analysis of oxide inclusions of irradiated states of ODS Euro
Material ODS Eurofer 13.5Cr ODS 
Type of ions Fe 2 + Ti 2 + Fe 2 + Ti 2 + 
Fluence, ×10 15 ions ×cm −2 1 1 1 1 
Irradiation dose, dpa 0.9 0.8 0.9 0.8 
Temperature RT RT RT RT 
Oxides average size, nm 5 ± 2 6 ± 3 12 ± 7 ∗ 7 ± 5 ∗
Oxides number density, ×10 22 particles ×m −3 1,9 1,6 0,4 ∗ 0,1 ∗
∗ Data received with JEM JEOL 1200EX LaB 6 TEM 
Please cite this article as: S. Rogozhkin et al., Nanostructure evolution 
(2016), http://dx.doi.org/10.1016/j.nme.2016.06.011 tudy showed that the typical clusters size remained unchanged
nder irradiation and stayed in the range of 2–6 nm. 
In all the investigated ODS steels, irradiation at room temper-
ture led to an increase in cluster number density (see Fig. 5 ) in
he specimens that were prepared from the material at a 1.2 μm
epth. This depth corresponds to the peak of the radiation dam-
ge dose (about 0.8 dpa for Ti 2 + irradiation and about 0.9 dpa for
e 2 + irradiation, see Fig. 1 ). For this depth, the cluster number den-
ity increased about twofold for the ODS Eurofer and 13.5Cr ODS
nd by 3 times for the 13.5Cr–0.3Ti ODS steel samples after ir-
adiation. At the same time, this effect was less pronounced at a
.5 μm depth and was absent at a 1 μm depth. It is clear that clus-
er number density increase depends on the irradiation dose and
ay occur due to dissolution of large Y 2 O 3 or Y 2 Ti 2 O 7 inclusions
nd growth of a new generation of nanoscale clusters. A similar
ncrease in cluster number density was observed in the ODS Euro-
er steel samples irradiated with neutrons in BOR-60 reactor up to
2 dpa [4] . 
A change in clusters chemical composition in the ODS steels un-
er ion irradiation up to 0.8–0.9 dpa at room temperature was ob-
erved: the concentrations of Y, O and Mn atoms in ODS Eurofer, of
i and O atoms in 13.5Cr–0.3Ti ODS, and of Y atoms in 13.5Cr ODS
ncreased ( Fig. 6 ). Taking into account the modiﬁcation in size dis-
ribution of oxide particles found out with TEM, this change may
ccur due to dissolution of large oxide inclusions; chemical ele-
ents such as Y, O, Ti and Mn released from oxide particles may
egregate on nanoclusters during irradiation. 
A similar but less signiﬁcant increase in yttrium concentration
n nanoscale clusters was observed in the APT samples of ODS Eu-
ofer steel irradiated with low energy Fe ions up to 30 dpa [5] . 
Additional investigation of the 13.5Cr–0.3Ti ODS steel sam-
les irradiated with 4.8 MeV Ti 2 + ions up to 1 ×10 15 cm −2 and
 ×10 15 cm −2 doses at 300 °С was carried out. The APT specimens
ere lifted out of a 1.2 μm depth under the sample surface as for
rradiation at RT. The chemical composition analysis showed that at
00 °С , the clusters remained unchanged in contrast to the samples
rradiated at the room temperature ( Fig. 7 ). One can assume that
or 13.5Cr-0.3Ti the microstructure is more stable due to ﬁner ox-
de clusters. The changes at all temperatures observed in this ma-
erial are much less than for other materials. 
At the same time, the increase in cluster number density was
imilar to that in samples irradiated at the room temperature (see
ig. 8 ). 
. Discussion 
Notable increase of number density of nanoclusters was ob-
erved by APT after heavy ion irradiation at room temperature
p to 1 dpa in all steels investigated in this work. Increase of
he cluster number density was observed previously after neutron
rradiation of Eurofer ODS at 310 °C [4] . It seems that at
east two competing processes might be responsible for thefer and 13.5Cr–(0–0.3)Ti ODS steels. 
13.5Cr–0.3Ti ODS 
Fe 2 + Ti 2 + 
3 1 1 3 
2.4 0.9 0.8 2.4 
300 °C RT 300 °C RT RT 300 °C RT 300 °C 
6 ± 3 5 ± 3 7 ± 3 4 ± 2 ∗ 6 ± 4 ∗ 4 ± 2 4 ± 2 4 ± 2 
1,9 3,2 1,3 1,8 ∗ 0,4 ∗ 2,8 4,5 5,5 
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Fig. 4. The comparison of size distributions of oxide particles in unirradiated 13.5Cr–(0–0.3)Ti ODS steels and after irradiation with titanium ions at room temperature and 
at 300 °C. 
Table 6 
Types of irradiated samples and irradiation conditions. 
Material Irradiation conditions 
Energy and type of the ions Fluence, cm −2 Irradiation temperature, ºС 
ODS Eurofer 5.6 MeV Fe ions 1 ×10 15 RT 
4.8 MeV Ti ions 1 ×10 15 RT 
13.5Cr ODS 4.8 MeV Ti ions 1 ×10 15 RT 
13.5Cr–0.3Ti ODS 4.8 MeV Ti ions 1 ×10 15 RT 
4.8 MeV Ti ions 1 ×10 15 300 
4.8 MeV Ti ions 3 ×10 15 300 
o  
h  
d  
t  
m  
q  
e  
b  
v  
c  
o  
l  
e  
o  
o  
d  bserved changes: (i) nucleation of new clusters induced or en-
anced by presence of freely migrating defects created by irra-
iation, and (ii) cascade-induced dissolution of larger oxide par-
icles and their break-up in smaller ones resulting in enrich-
ent of the steel matrix with oxide composing elements. It is
uite diﬃcult to distinguish which of these mechanisms are op-
rative in our experiment, although it cannot be excluded that
oth are acting simultaneously. If one of the mechanisms pre-Please cite this article as: S. Rogozhkin et al., Nanostructure evolution 
(2016), http://dx.doi.org/10.1016/j.nme.2016.06.011 ails, it might be possible to distinguish them by tracing the
hange of chemical composition of the nanoclusters. In the case
f radiation-induced nucleation, nanoclusters should have simi-
ar composition as in unirradiated material as far as matrix is
nriched with the same elements. On the contrary, in the case
f cascade-induced oxide dissolution, one can expect a change
f nanocluster composition to be more close to that of the
issolving oxide particles. This change should be measurable asin ODS steels under ion irradiation, Nuclear Materials and Energy 
8 S. Rogozhkin et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–9 
ARTICLE IN PRESS 
JID: NME [m5G; July 5, 2016;14:11 ] 
Fig. 5. The cluster number density for ODS steel samples after irradiation with 5.6 MeV Fe 2 + ions and 4.8 MeV Ti 2 + ions up to 1 ×10 15 cm −2 at room temperature for various 
depths under irradiated surface. 
Fig. 6. The chemical composition of clusters in ODS steel samples after irradiation with 5.6 MeV Fe + 2 or 4.8 MeV Ti + 2 ions at room temperature up to 0.8 dpa and 0.9 dpa 
respectively. 
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I  
o  
b  nanocluster elemental composition in the unirradiated material de-
viates signiﬁcantly from that of oxide. This trend was conﬁrmed by
our experiments. 
Elemental composition of nanoclusters in ODS Eurofer and
13.5Cr ODS is changing to become close to that of oxides. The
change of the oxide size distribution showing the increase of
the small size fraction of particles for these steels is also most
pronounced. However, this cannot be considered as a conﬁrma-
tion of a predomination of dissolution mechanism, while if both
mechanism are acting simultaneously, the same trend would be
observed. 
Notable increase of number density of small oxides ( < 4 nm)
was observed by TEM after irradiation at RT and 300 °C up to
1 dpa and 3 dpa in 13.5Cr ODS without Ti. This material contains
yttria particles, appreciable part of which is more than 10 nm and
these oxides shrunk under irradiation. The oxide size distribution t  
Please cite this article as: S. Rogozhkin et al., Nanostructure evolution 
(2016), http://dx.doi.org/10.1016/j.nme.2016.06.011 nd cluster elemental composition remain practically unchanged in
3.5Cr–0.3Ti ODS, conﬁrming especial irradiation resistance of this
aterial which is most probably related to the high number den-
ity of small oxide particles serving as defect recombination places
omogeneously dispersed in matrix. 
. Conclusions 
Nanostructure evolution in ODS Eurofer and 13.5Cr–(0–0.3)Ti
DS steels under heavy ion irradiation at room and 300 °C tem-
eratures was studied in this work. These ODS steels were irradi-
ted with 5.6 MeV Fe 2 + and 4.8 MeV Ti 2 + ions up to 3 ×10 15 cm −2 .
t was found that irradiation leads to decrease in the average size
f oxide particles and to the 2–3 times increase in the num-
er density of nanoclusters. The reduction of oxide size can be
entatively attributed to irradiation-cascade-induced dissolution.in ODS steels under ion irradiation, Nuclear Materials and Energy 
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Fig. 7. Cluster chemical composition in the 13.5Cr–0.3Ti ODS steel samples after 
irradiation with 4.8 MeV Ti 2 + ions at room temperature and 300 °C up to 2.4 dpa. 
Fig. 8. Cluster number density in 13.5Cr–0.3Ti ODS before and after irradiation with 
4.8 MeV Ti 2 + ions at room temperature and 300 °C up to 2.4 dpa. 
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[  PT has shown that the chemical composition of nanoclusters
hanges under irradiation at RT. It can be suggested that there
s an exchange of chemical elements between nanoclusters, ma-
rix and oxide particles. At the same time, at 300 °C, size of oxide
articles and the chemical composition of clusters remain stable
n 13.5Cr–0.3Ti ODS steel irradiated with 4.8 MeV Ti 2 + ions up to
 ×10 15 cm −2 thus approving its exceptional irradiation resistance. Please cite this article as: S. Rogozhkin et al., Nanostructure evolution 
(2016), http://dx.doi.org/10.1016/j.nme.2016.06.011 cknowledgments 
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